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ABSTRACT: In subsurface soils, colloids are mobilized by
infiltrating rainwater, but the source of colloids and the process
by which colloids are generated between rainfalls are not clear.
We examined the effect of drying duration and the spatial
variation of soil permeability on the mobilization of in situ
colloids in intact soil cores (fractured and heavily weathered
saprolite) during dry−wet cycles. Measuring water flux at
multiple sampling ports at the core base, we found that water
drained through flow paths of different permeability. The
duration of antecedent drying cycles affected the amount of
mobilized colloids, particularly in high-flux ports that received
water from soil regions with a large number of macro- and
mesopores. In these ports, the amount of mobilized colloids
increased with increased drying duration up to 2.5 days. For drying durations greater than 2.5 days, the amount of mobilized
colloids decreased. In contrast, increasing drying duration had a limited effect on colloid mobilization in low-flux ports, which
presumably received water from soil regions with fewer macro- and mesopores. On the basis of these results, we attribute this
dependence of colloid mobilization upon drying duration to colloid generation from dry pore walls and distribution of colloids in
flow paths, which appear to be sensitive to the moisture content of soil after drying and flow path permeability. The results are
useful for improving the understanding of colloid mobilization during fluctuating weather conditions.

■ INTRODUCTION

Mobile subsurface colloids may cause several environmental
problems: they facilitate the transport of groundwater con-
taminants, reduce permeability of aquifers, and decrease the
efficiency of stormwater treatment systems.1−4 To help solve
these issues, it is important to understand how colloids are
generated and mobilized in the subsurface under natural
conditions.
In the subsurface, colloids are mobilized during infiltration of

rainwater as a result of physical perturbations, such as changes in
flow velocity and air−water configuration, and chemical
perturbations, such as changes in pH and ionic strength.5

Colloid mobilization generally peaks at the start of rainfall
because of scouring by air−water interfaces,6 shear from flow rate
increases,7 and expansion of water films.8 After an initial peak,
colloid mobilization continues through preferred flow paths,
owing to a steady supply of colloids from macropore walls or the
soil matrix.9 These suggested mechanisms describe the processes
occurring during a wetting cycle and not during the period before
the wetting cycle.11,12 In nature, prior to a wetting cycle, soil
experiences a drying or freezing cycle, which could facilitate the
mobilization of colloids and associated contaminants.10 How-
ever, little is known about how antecedent conditions,
particularly the drying period, affect the mobilization of colloids
in the subsequent wetting period.

Only two studies have examined the role of antecedent
conditions on mobilization of colloids;11,12 both reported that
colloid mobilization was sensitive to the length of time between
rainfall events. In particular, Schelde et al.12 observed an increase
in colloid mobilization as the gap between rainfall events
increased from 0.5 h to 7 days and attributed this trend to
diffusive transport of colloids to preferred flow paths. Whereas
Schelde et al.12 stored the soil core at 2 °C in between rainfalls
and, thus, minimized drying of soil or pores, Majdalani et al.11 left
the soil core to dry at room temperature between rainfalls and
found that colloid mobilization increased initially with increases
in the drying duration and then decreased when the drying
duration exceeded a critical time. Majdalani et al.11 suggested
that, as the drying duration increased, macropore walls could
break under capillary stress, generating colloids, but as the drying
duration exceeded the critical time, salts or minerals in
evaporating pore water could precipitate, bind colloids, and
prevent their mobilization during the next rainfall. The critical
time to maximum colloid mobilization varied with soil types,
indicating that the critical drying time could be related to the
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water retention characteristic of soil during drying, which, in turn,
depends upon soil permeability or soil texture. Water
permeability of a soil is particularly high when the soil contains
macropores or preferred flow paths, such as bedding planes,
cracks, and plant roots.13,14 Because a macropore loses water
more readily than a micropore during drying,15 capillary-induced
colloid generation could be more apparent along soil flow paths
of greater permeability (e.g., macropores and fractures).
However, only few studies on colloid transport used heteroge-
neous soil,11,12,16,17 and the results of these studies are based on
the colloid concentration in composite water samples collected
from the entire soil core. Thus, it is not clear how spatial
variations in soil permeability could affect colloid mobilization
during dry−wet cycles.
The aim of this study was to examine the effect of soil drying

duration on the mobilization of in situ colloids during dry−wet
cycles and to evaluate the sensitivity of colloid mobilization to
spatial variations in soil permeability. We subjected intact soil
cores to different durations of drying at room temperature and
monitored the mobilization of colloids through a 19-port
sampling grid that captured pore water transmitted though
different flow paths in the soil cores. Our findings demonstrate
the linkages between colloid mobilization during water
infiltration, antecedent moisture conditions during soil drying,
and spatial variations in the soil permeability.

■ EXPERIMENTAL DETAILS
Intact Soil Core Sampling. We collected intact soil cores

from the Melton Branch watershed near the Oak Ridge National
Laboratory, Oak Ridge, TN, a site that has been used to
investigate the effect of macropores on water infiltration in
soil.18−20 The soil is a heavily weathered shale saprolite with
distinct macropores, including bedding planes, fractures, and
microfractures.18 The soil clay fraction is composed primarily of
illite, and the fracture surfaces are coated with amorphous ferric
iron and manganese oxides that are translocated during rainfalls.
The pH of soil ranged from 4.5 to 6, and cation-exchange
capacity varied between 7 and 16 cmolc kg

−1. The sizes of the soil
pores vary from micropores (<10 μm) to mesopores (10−1000
μm) to macropores (>1000 μm).21 During a typical rainfall,
meso- and macropores conduct over 96% of infiltrating
rainwater, whereas micropores conduct water during drying
periods after gravitation drainage.18,20,22 On the basis of
measurements in a previous study,23 the saturated hydraulic
conductivity of the soil ranges between 4 × 10−6 and 1 × 10−4 m
s−1.
Intact soil cores were collected using a hand-sculpting

method.18 The vegetation and the O layer of the soil were
removed, and a soil cylinder within the A horizon was isolated by
excavating a trench around the cylinder and trimming the
cylinder to fit inside polyvinyl chloride (PVC) pipes of 30.5 cm
height and 25.4 cm diameter. To preserve the structural integrity
of the soil core during its handling, the gap (approximately 1.2
cm) between the PVC pipe and the soil core was filled with
polyurethane expandable foam (U.S. Composites, Inc., West
Palm Beach, FL). The soil cores were stored at 4 °C until the
experiments.
Experimental Setup. The experimental setup consisted of a

rainfall reservoir, a soil core, a sampling grid, and sample
collection tubes.24 Rainfall was simulated by dripping an aqueous
solution (0.1 mMNaCl) through 85 needles (25 gauge) from the
rainfall reservoir. The intact core was placed under the rainfall
reservoir (distance between the needle tip and core top was 25

cm) and on a 19 port sampling grid (see Figure S1 of the
Supporting Information). Each port captured water flowing
through an area of 11.4 cm2 at the core base and delivered water
samples to discrete sample collection tubes (glass, 2.5 cm
diameter × 25 cm length). Any water that flowed around the
column or perimeter of the soil cores was collected in a channel
(1.3 cm width) surrounding the sample ports and was discarded.
Water flowed to each port from the bottom surface of soil under
zero tension. In preliminary rainfall experiments with full-height
(30.5 cm) soil cores, we observed that bedding plane fractures,
which dipped at an angle of 30°, carried 40−65% of the
infiltrating water to the foam wall on one side of the column
because the bedding planes terminated at the foam walls. To
minimize this problem, the heights of the soil cores were reduced
by a factor of 2 (height, 15 cm; diameter, 25.4 cm); therefore,
most of the bedding planes did not extend to the foamwall. A soil
moisture probe (Delta-T Devices, Theta Probe MLX2) was
inserted 6 cm into the soil through the side of the soil core
located 7.5 cm below the soil surface and connected to a data
logger (DATAQ Instruments, DI 710) to record and store the
moisture content of the soil core at 1 min intervals. A variation in
core saturation at 7.5 cm depth indicates any temporal change in
the soil moisture at the core center at different stages of drying,
and the moisture content at other parts of the soil core could
differ from the value measured at the center.

Experimental Procedure. Colloid mobilization was exam-
ined in three soil cores. Prior to each experiment, the cores were
conditioned by applying 0.01 mM NaCl solution at a constant
rate (0.5 or 2.5 cm h−1) until the flow rate and moisture content
of the soil cores achieved a steady state. The pH of the rainfall
solutions was 5.8± 0.1 and was not adjusted during experiments.
Rainfall was applied at a rate of 2.5 cm h−1 in cores 1 and 3 and at
a rate of 0.5 cm h−1 in core 2 because water ponded on core 2 at
rainfall rates above 0.5 cm h−1.
Core 1 was used to examine the effects of soil drying on colloid

mobilization without varying the drying duration. In the core 1
experiment, we compared the mobilization of colloids with and
without dry−wet cycles to determine the effect of successive
dry−wet cycles on colloid mobilization. Colloid mobilization
from the wet soil was measured during 5.4 h of steady rainfall
applied at 2.5 cm h−1. The experiment was repeated with passage
of the same volume of water in two dry−wet cycles, where a cycle
consisted of a 21.3 h drying period followed by 2.7 h rainfall event
at a rate of 2.5 cm h−1. During drying periods, the soil core was
subjected to gravity drainage at room temperature (22 ± 2 °C).
Cores 2 and 3 were used to evaluate the influences of drying

duration on colloid mobilization. We increased drying duration
by 1 day increment from 0.7 day until the critical drying duration
for maximum colloid mobilization was achieved. Then, the
drying duration was increased by periods longer than 1 day. The
details of dry−wet cycles subjected to cores 2 and 3 were
provided in Table S1 of the Supporting Information. The
experiment was initiated by drying the wet soil core (pre-
conditioned as described above) for a period of 0.7 day at room
temperature. After drying, water was applied for a specific
duration at a rate of 0.5 and 2.5 cm h−1 to the top of cores 2 and 3,
respectively. This first dry−wet cycle was followed by 4 more
dry−wet cycles in core 2 and 6 more dry−wet cycles in core 3.
Total dry−wet cycles used in this study were sufficient to
estimate the critical drying duration for this soil. With the
increase in the drying duration, a longer wetting period was
needed to initiate flow at the port. Thus, the duration of the
wetting period duration was adjusted to ensure that an equal
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volume of rainwater was eluted from the core during each dry−
wet cycle.
Analysis of Water Samples. Water samples were collected

during the wetting cycles; water samples collected during gravity
drainage (part of the drying cycle) were insufficient for analysis.
Water samples were analyzed for turbidity (turbidity meter, Hach
2100N) and pH (combination electrode, Orion 8102BNU).
Turbidity was converted to colloid concentrations (mg L−1)
using a calibration curve of total suspended sediment
concentration versus turbidity.10 Colloid mass in each sample
was calculated using the sample volume. On the basis of the total
sample volume during a rainfall, we estimated the total amount of
colloids mobilized at all ports. During a wetting cycle, flux was
measured only after water started to drip at the bottom of the
core; flux was not measured during drying cycles. Water flux at
each port was estimated by dividing the flow rate at the port with
the area of a port. We used water flux through the soil core as a
proxy for soil−water permeability because flux of water through
soil depends upon the permeability of the preferred flow paths.25

Particle size distributions were measured using a single-particle
optical sensor instrument (Particle Sizing Systems 770)
calibrated using latex beads (1−30 μm diameter).26 The samples
were shaken by hand before being drawn into the instrument.
Particle size distributions were reported in 128 channels
spanning the size range from 0.5 to 500 μm diameter. The
mineralogy of bulk soil and the soil colloids mobilized during all
dry−wet cycles were characterized using X-ray diffraction
analysis and an acid digestion test.10

■ RESULTS

Effect of Preferential Flow Paths on Infiltration of
Water. In cores 1 and 3, water samples drained through five
ports (26% of the basal area) (see Figure S2 of the Supporting
Information). In core 2, water samples drained through three
ports (16% of the basal area). These active ports in cores 1, 2, and
3 transmitted 72, 98, and 31% of the applied rainwater,
respectively. The remainder was either infiltrated into the soil
matrix or discarded as wall flow. Water flux through the active
ports was steady over time (flux varied by no more than 15%
from one sampling interval to another). Water flux through the
active ports varied spatially by a factor of 3.8 (Table 1).Water flux
at some ports exceeded the rainfall application rate. The pH of

effluent varied from port to port, and the pH at each port ranged
from 4.4 to 5.4 (Table 1).

Effect of Dry−Wet Cycles of Equal Drying Duration on
Colloid Mobilization. Colloid mobilization during simulated
rainfall events was enhanced by a preceding period of soil
dryness. Two rainfall events of 2.7 h preceded by a 21.3 h drying
cycle mobilized 2.5 times more colloids than a continuous 5.4 h
rainfall event in core 1 (Figure 1). During intermittent rainfall

events in core 1, the mass of colloids mobilized during the first
and second wetting cycles were similar. The mass of colloids
delivered through the active ports varied by a factor of 4.
Concentrations of colloids eluted from all ports were greatest
near the beginning of the rainfall events and decreased as rainfall
progressed. In a soil core, colloid mobilization was generally
greater through ports with greater flux (Table 1). Total colloid

Table 1. Water Flux, Peak Concentration of Colloids, and Mass of Colloids Mobilized at Multiple Ports in Three Intact Soil Cores
during a Wetting Cycle after 21.3 h of Drying (Core 1) or 2.5 Days of Drying (Cores 2 and 3)

soil core port IDa fluxb (cm h−1) pH peak colloid concentration (mg L−1) colloid mass during a dry−wet cyclec (mg)

core 1 R150 9.9 ± 1.0 4.9 ± 0.1 92 13
R270 10.6 ± 1.6 4.6 ± 0.2 57 9
r180 12.9 ± 1.9 5.1 ± 0.1 58 10
R30 13.6 ± 1.7 4.7 ± 0.2 158 32
R90 20 ± 2.9 5.2 ± 0.2 154 36

core 2 R270 2.0 ± 0.3 4.5 ± 0.1 42 26
R150 3.9 ± 0.5 4.8 ± 0.2 47 45
R30 7.6 ± 0.5 5.2 ± 0.1 93 120

core 3 R330 1.6 ± 0.2 4.6 ± 0.1 416 44
r0 1.9 ± 0.2 4.8 ± 0.1 342 42
r300 2.0 ± 0.2 5.0 ± 0.2 375 106
R0 2.3 ± 0.1 4.7 ± 0.1 914 172
r60 5.4 ± 0.3 5.1 ± 0.2 1187 395

aPort ID locations are depicted in Figure S1 of the Supporting Information. bAverage and one standard deviation of measurements in multiple dry−
wet cycles. cColloid mobilized in a wetting cycle after 21.3 h of drying (only drying duration used) for core 1 and after 2.5 days of drying (i.e., critical
duration for maximum mobilization) for cores 2 and 3.

Figure 1. Concentration and mass of colloids mobilized through active
ports of core 1 during a 5.4 h steady rainfall (a and c) and two 2.7 h
rainfalls interrupted by a 21.3 h drying duration (b and d), indicated by
the dashed vertical lines. The horizontal axes (b and d) represent
cumulative duration (5.4 h) of rainfall that does not account for the 21.3
h drying periods.
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mobilized during a dry−wet cycle was correlated to flux at the
active ports in a core (Figure 2).

Effect of Drying Duration on Colloid Mobilization. The
relative saturation at the center of the soil core at the end of the
drying period decreased as the duration of drying increased
(Figure 3). At the start of a wetting cycle, the relative saturation
increased rapidly and then remained steady (variation less than
2% of the steady-state value) until the end of the wetting cycle
(Figure S3). The steady-state value decreased with increasing
antecedent drying duration between wetting cycles.
The amount of colloids mobilized from cores 2 and 3 during a

dry−wet cycle was dependent upon the drying duration. The
concentration of colloids and total mass of colloids mobilized
during a wetting period was greater in core 3 than core 2.
Increasing drying duration up to 2.5 days resulted in an increase
in colloid mobilization from both cores, but a further increase in
the drying duration decreased colloid mobilization. This colloid
mobilization pattern was consistent between cores but varied
between ports within the same core.
Particle size distribution analysis suggests that the number of

particles mobilized during dry−wet cycles decreased with
increasing size; more than 90% of particles mobilized during
dry−wet cycles were smaller than 10 μm (Figure 4). The
mobilized colloids contained more clay and iron-bearing
minerals than the bulk soil from which they were mobilized
(see Tables S2 and S3 of the Supporting Information).10

■ DISCUSSION
Effect of Preferential Flow Paths on Infiltration of

Water.Only three to five ports drained water in each core, which
indicates that most of the infiltrating water flowed through
preferential flow paths, such as bedding planes, fractures, and
meso- and macropores. These preferential flow paths vary by
lengths and pore sizes and are distributed heterogeneously along
with the soil matrix.24Water flux exceeded the rainfall application
rate at some ports, whereas in other ports, water flux remained
lower than the rainfall application rate. The spatial variation of
flux at the bottom of the cores indicates that the flow paths
feeding the active ports were characterized by different
permeability. Using tension infiltration measurements at the
field site from where our soil cores were obtained, Wilson and

Luxmoore19 found that macropores (>1000 μm) and mesopores
(10−1000 μm), which occupy only 0.17% of total soil volume,
are capable of conducting most of the rainwater. The
comparatively few active ports in each core suggest that water
was conducted primarily throughmacro- andmesopores and that
the contribution of matrix flow to column outflow was negligible.
Published research shows that matrix flow within macroporous
soil is only relevant after cessation of gravitational drainage, when
overall soil moisture fluxes are low.18,20,22 Therefore, we surmise
that the ports for which water flux exceeded the rainfall
application rate drained portions of the soil core with a large
number of macro- and mesopores, and the ports for which water
flux was less than the rainfall application rate drained portions
with fewer macro- and mesopores.

Colloid Mobilization during Dry−Wet Cycles. In
comparison to steady rainfall, rainfall interrupted by drying
cycles resulted in greater mobilization of colloids (Figure 1).
Greater colloid mobilization during dry−wet cycles compared to
steady flow without intermediate drying has been attributed to
release of colloids during advancement of wetting and drying
fronts.5,6,27,28 These studies indicate that characteristics of the
wetting cycle, such as rainfall intensity, rainfall duration, flow
velocity, and moisture content, affect colloid mobilization. We
observed that the colloid mobilization varied between wetting
cycles, which differed by differences in steady-state moisture
content and length of the antecedent drying period. When the
duration of the antecedent drying period increased, the steady-
state moisture content during the next wetting cycle decreased.
Others have observed that colloid mobilization decreases with
decreases in the steady-state moisture content during soil
imbibition.29 Our results are not entirely consistent with this
trend, particularly when the antecedent drying period was short
(<2.5 days), which suggests that other factors, in addition to
moisture content change during soil imbibition, affected colloid
mobilization in our experiments.
We show that the duration of the drying cycle also plays a

critical role in the availability of colloids for mobilization in the
subsequent wetting cycle. With increasing in the drying duration
up to 2.5 days, colloid mobilization increased, which indicates
that more colloids were made available in preferred flow paths,
possibly by diffusive transport of colloids from the soil matrix12

and by generation of colloids from dried flow path walls.11 X-ray
diffraction analysis of soil colloids and bulk soil revealed that
mobilized soil colloids contained greater fractions of clays and
iron-bearing minerals (e.g., ferruginous smectite, goethite, and
ferrotschermakite) than the bulk soil from where they were
mobilized. Because the fractures in this soil are typically coated
with iron(III) and manganese oxyhydroxides,18 a high fraction of
iron in mobilized soil colloids supports the idea that dry−wet
cycles mobilize colloids from the fractures that constitute macro-
and mesopores in this soil.
On the basis of this understanding of the processes that

mobilize colloids during the drying period, colloid availability
and mobility in the flow paths should increase as the drying time
increases. However, colloid mass in the effluents decreased when
the soil core was dried for a period longer than 2.5 days,
indicating that colloid availability and mobility decreased when
the drying period exceeds a critical drying duration. A decrease in
colloid availability when the soil is dried beyond the critical
drying duration can be explained on the basis of soil moisture
dynamics during drying. Large pores, such as preferred flow
paths, drain initially and evaporation from the soil surface is
sustained by a continuous supply of water through hydraulically

Figure 2. Colloid mass mobilized at active ports during a wetting cycle
following 21.3 h of drying (core 1) or 2.5 days of drying (cores 2 and 3)
were correlated to flux at the ports.
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connected saturated pores.15 With a further increase in drying,
the drying front propagates into the soil matrix, which, in turn,
leads to hydraulically disconnection of previously saturated
pores. Because pore saturation is a prerequisite for diffusive
transport of colloids from the matrix,12 prolonged drying might
limit the colloid supply from thematrix to flow paths in our study.
Furthermore, prolonged drying could reduce colloid availability
by immobilizing colloids with minerals and salts precipitated as a
result of water evaporation from the soil.30 The results from the
soil core experiment are useful to understand most realistic
behavior of colloids in the subsurface during dry−wet cycles, but
they are inadequate to directly observe the suggested pore-scale
processes occurring during soil drying. These processes should
be validated by directly observing fluorescent colloids in porous
media in a glass chamber using a confocal microscope.31

Effect of Flow Path Permeability. By monitoring colloid
mobilization in different flow paths within the same soil core, we
established the link between flow path permeability and colloid
mobilization in response to increasing drying duration. Total

Figure 3. Effect of antecedent drying duration on the total mass of colloids mobilized through the active ports of cores 2 and 3 during dry−wet cycles and
the relative saturation at the center of the soil core at the end of the drying cycle. The relative saturation (solid line) refers to the steady-state value
recorded at the end of the drying cycle. The mass of colloids mobilized from a core (closed symbols) during a wetting cycle was calculated by adding the
total mass of colloids mobilized from all ports (open symbols). Note that the scales of left and right y axes are different.

Figure 4. Particle size distribution of samples collected from soil cores
during dry−wet cycles. Error bars represent one standard deviation of
values from six replicates.
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colloid mobilization was correlated to the flux at the active ports,
which suggests that colloid mobilization during dry−wet cycles is
enhanced in flow paths of higher permeability. Two processes
could explain the observed trend. First, soil with greater
permeability dries faster,15 which, in turn, could generate more
colloids within the dry flow paths.11 Second, high flow velocities
in the preferential flow paths could enhance colloid mobilization
during the wetting period as a result of shear on attached
colloids.32,33 Flow path-dependent colloid mobilization was
verified in a previous study using a soil core sampled from the
same site in Oak Ridge Reservation.24 Fluorescent carboxylate-
modified polystyrene microspheres of two diameters (0.5 ± 0.01
and 1.8 ± 0.04 μm) were used as a colloid tracer to identify the
effect of flow path permeability on colloid mobilization during a
dry−wet cycle. The microsphere mobilization increased with
flow path permeability and with the size of microspheres.
Although pH of effluents varied between ports, a small variation
in ζ potentials of soil within the measured pH range24 suggests
that variation of pH between ports did not explain the large
difference in colloid mobilization between ports.
Drying duration affected colloid mobilization only in the ports

delivering high water fluxes, those that we designated as macro-
or mesopore-dominated flow paths. Whereas a distinct critical
drying duration was observed in these high-flux ports, the same
was not observed in low-flux ports. Colloid mobilization at low-
flux ports, which presumably received water flow through flow
paths consisting of fewer macro- and mesopores (or more
micropores), is less sensitive to drying because these flow paths
could dry at a much slower rate than the soil with a large number
of macro- and mesopores.15 Because macro- or mesopore-
dominated flow pathsmobilized a substantially greater amount of
colloids than micropore-dominated flow paths, the colloid
mobilization from the entire soil core followed the same pattern
as that observed in the high-flux ports. A relative saturation below
85% during wetting cycles and a decrease in the saturation with
increasing antecedent drying duration indicate that mesopores
likely conducted water and contributed to colloid mobilization
during the wetting cycle and that the size of mesopores from
where colloids were mobilized decreased with increasing drying
duration. Because macro- andmesopore characteristics of the soil
are expected to vary little between cores sampled from the sites,19

the critical drying duration is expected to be similar between
cores. Results from cores 2 and 3 confirm this idea.
The critical drying duration observed in our study is shorter

than that (9−11 days) observed by Majdalani et al.11 We
attributed this difference in critical drying duration to a difference
in permeability of flow paths in the soils used in these studies. In
our study, water drained quickly from the fractures and bedding
planes of the soil. As a result, time required for the drying front to
reach the soil matrix could be shorter than that the previous
study. Majdalani et al.11 used two soils of different permeabilities,
and neither of their soils contained macropores or fractures
similar to those found in our soil. They observed that the critical
drying duration was longer for their soil of lower permeability.
However, both of their soils also have different chemical
properties, such as soil mineralogy, cation-exchange capacity,
and organic carbon; all these properties could affect colloid
mobilization.34−36 Collectively, these results suggest that the
critical drying duration for a soil may depend upon water
permeability and abundance of preferential flow paths in the soil.
Environmental Implications. Climate change is slowly

altering the characteristics of dry−wet cycles on the earth
surface.37,38 While some locations are experiencing frequent

precipitation events, other locations are subjected to long drying
periods or droughts. These changes could affect the mobilization
of colloids and associated contaminants in the subsurface.10 In
this study, we show that the duration of drying and water flux, an
indicator of the permeability of flow paths, are two important
factors to assess the amount of colloids mobilized from the
subsurface during dry−wet cycles. Results of the current study
may be applicable to cases in which colloid mobilization is
desired (e.g., delivery of zero-valent iron particles and microbes
for remediation and removal of colloids to prevent clogging). In
these cases, intermittent flows of water with a drying duration
based on geomedia permeability could increase the application
efficiency. We also show that iron-bearing minerals dispropor-
tionally release from soil during dry−wet cycles. Because iron-
bearing minerals may sequester many chemicals39 and
pathogens,40 release of these minerals to pore water during
dry−wet cycles could potentially reintroduce these contaminants
to the subsurface and subsequently to the groundwater. It should
be noted that the critical drying duration depends upon the
drying rate, which increases with a temperature rise. Fluctuation
in the temperature and humidity of air as well as the wind
condition affect the drying rate of soil. Thus, all of these factors
must be considered to estimate the critical drying duration of a
soil in the environment. At a different drying rate, the drying
duration that corresponds with maximum colloid mobilization
could vary.
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